bursicon subunits resulted in wrinkled elytra due to incomplete wing expansion, but there was no effect on cuticle tanning or viability. RNAi of genes encoding receptors for those peptides produced phenocopies comparable to those of their respective cognate neuropeptides, except in those cases where more than one receptor was identified. The phenotypes resulting from neuropeptide RNAi in Tribolium differ substantially from phenotypes of the respective Drosophila mutants. Results from this study suggest that the functions of neuropeptidergic systems that drive innate ecdysis behavior have undergone significant changes during the evolution of arthropods.
Introduction
Among the large group of metazoan species that comprise the Ecdysozoa (Aguinaldo et al., 1997) , a majority shed the outermost exoskeletal layer at the end of each discrete growth stage, a process called ecdysis. Formation of a new layer of exoskeleton under the old one is followed by separation of the layers. Finally, a sequence of stereotypic patterns of behavior culminates in ecdysis. While 20-hydroxyecdysone, a steroid hormone, is the major initiator of ecdysis (Truman, 2005; Zitnan et al., 2007) , the direct controllers of ecdysis behavior are combinatorial actions of neural and endocrine events. The neuroendocrine systems orchestrating this innate behavior have been extensively studied in a large 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.09.002 lepidopteran, the tobacco hornworm, Manduca sexta, and in a genetic model organism, Drosophila melanogaster (Ewer, 2005; Truman, 2005; Zitnan et al., 2007) . Ecdysozoans other than insects also have been studied to understand their ecdysis physiology. A genomic survey of a nematode, Caenorhabditis elegans, has identified more than 150 genes that contribute to ecdysis (Frand et al., 2005) . Endocrine factors triggering ecdysis behavior have also been studied in a crustacean species, Carcinus maenas (Chung et al., 1999) .
Conceptual models for combinatorial actions of hormonal and neural components regulating insect ecdysis behavior are based mainly on studies of two of the above-named species, M. sexta and D. melanogaster. The major components of the peptidergic signaling pathways are eclosion hormone (EH), ecdysis triggering hormone (ETH), crustacean cardioactive peptide (CCAP) and bursicon (heterodimer of Bur and Pbur, partner of bur, or Bur-a and -b) . Studies of other insect species have provided a consensus model and at the same time have indicated apparent differences among taxa, which may lead to an understanding of the evolutionary history of innate ecdysis behavior (for two recent reviews, see Truman, 2005; Zitnan and Adams, 2005) . However, confirmation of such evolutionary differences will require the use of modern tools of functional genomics. In the meantime, expanding our knowledge of ecdysis behavior in a wider range of insect taxa may improve our understanding of the evolutionary processes that led to the existing range of innate ecdysis behaviors.
A coleopteran, the red flour beetle, Tribolium castaneum, is an emerging model species whose technical advantages have not yet been applied to the study of hormonal and neural control of ecdysis behavior. Its whole genome sequence and assembly, as well as expressed sequence tag (EST) data, have been published recently Richards et al., 2008) . Annotations of neuropeptides and peptide hormones, as well as their receptors, have also been completed Li et al., 2008) . RNA interference (RNAi) of specific target genes is easily achievable in this species by injections of specific double-stranded RNAs at all developmental stages (Bucher et al., 2002; Tomoyasu and Denell, 2004; Tomoyasu et al., 2008) . By using RNAi-mediated suppression of target genes encoding neuropeptides, namely EH, ETH, CCAP and bursicon, as well as their cognate receptors, we investigated the roles of these four major peptidergic signaling systems in beetle ecdysis.
Results

Genes encoding EH, ETH, CCAP, bursicon and their receptors
The genes encoding EH, ETH, CCAP and bursicon, as well as their cognate receptors, were all identified by homologybased searches of the Tribolium genome sequence (Table 1) . The ten transcribed genes encode five neuropeptides, namely eclosion hormone, ecdysis triggering hormone, crustacean cardioactive peptide, bursicon and partner of bursicon (eh, eth, ccap, bur and pbur, respectively), as well as five putative receptors, including two different CCAP receptors, ccapr-1 and ccapr-2, two alternatively-spliced isoforms of the ETH receptor, ethr-a and ethr-b, and the The regions of the genes used for each dsRNA synthesis, number of beetles in each sample, replications used for RNAi and percent mortality of each RNAi are shown. Numbers indicate nucleotide positions from the start codon. * These insects showed a severe cuticle phenotype, although no mortality was observed after 2 to 3 weeks of observation. bursicon receptor, rickets (rk). These genes are highly conserved and generally exhibit one-to-one orthologous relationship with the corresponding Drosophila genes. The two exceptions are the gene encoding EH and another encoding the CCAP receptor, both of which have an additional homolog in Tribolium. The first one, eh-like gene, encodes a protein with 39% amino acid identity to EH and is likely to be a paralog of eh genes found in other insect species . However, we were unable to amplify fragments of the cDNA corresponding to the eh-like gene in repeated PCR attempts with various sets of primers and cDNA templates. Thus, it is uncertain whether this is a functional gene. Tribolium carries an additional homologous gene encoding a CCAP receptor-like protein, ccapr-2. Sequences that have been revealed in this study were submitted to GenBank with the Accession Numbers listed in Table 1 .
We examined the developmental expression patterns of the genes described above by reverse transcription-PCR (RT-PCR) using template RNA isolated from samples collected daily from pharate pupae to 6-day-old adults. A pool of five individuals was used for each sample. In general, most of the genes examined showed high expression during the mid-pupal stage, but then declined afterwards. The exceptions were ethr-b and ccapr-2, both of which exhibited a prolonged period of expression extending into the early adult stage (Fig. 1 ).
2.2.
Temporal sequence of ecdysis behavior during Tribolium eclosion Adult ecdysis behavior begins five to six days after pupation and consists of three behavioral intervals, namely preecdysis, ecdysis and postecdysis. Preecdysis, the first recognizable patterned behavior, starts $10 h before the onset of ecdysis (9 h 38 m ± 1 h, mean ± standard deviation, n = 3) under our experimental conditions. This behavior is characterized by dorsal-ventral (D-V) contractions observable by the movement of the posterior end in a ventral direction (Fig. 2) . These contractions become stronger and their frequencies increase until the time close to ecdysis.
For most individuals, ecdysis begins with 3-8 strong bouts of reverse-bending behavior (Fig. 2) . This motion leads eventually to shedding of the pupal cuticle. However, in three out of 10 individuals, we observed a return to preecdysis behavior for about 1 h, followed by a second cluster of bouts of reverse-bending. This event coincides with the freeing of the antennae and the filling of wing tracheae with air, followed by sequential leg and wing stretching. After completion of wing stretching, the motor pattern changes to anteriorposterior (A-P) contractions, which facilitates the actual shedding of the pupal cuticle starting at the anterior (head) end and proceeding to the posterior. Ecdysis behavior, beginning with strong reverse-bending and culminating in complete emergence of the adult from the pupal cuticle, requires about 22 ± 2 min (mean ± SD, n = 7).
Postecdysis behavior occurs after the shedding of the pupal cuticle. During most of this interval, the beetle is sluggish and often at rest. The exuvium remains attached to the posterior end immediately after ecdysis, but it is eventually detached by a strong body-shaking motion ( Figs. 2 and 1 h 40 m ± 32 m, n = 3). Gradually, the elongated hindwings and abdomen retract under the elytra. Tanning of the exoskeleton takes place gradually over a period of $5 days after ecdysis.
RNAi phenotypes
Injection of dsRNAs for the target neuropeptide or receptor genes during the late larval or pharate pupal stages resulted in suppression of transcript levels for these genes (Fig. 3) . Independent injections of either of two dsRNA covering partially overlapping different regions of the same transcript (Table 1) produced identical phenotypes, confirming the gene-specificity of the RNAi. RT-PCR using RNA from a pool of five treated individuals confirmed strong and specific suppression of transcripts of the target genes, while injection of dsRNA for the negative control EGFP had no effect on transcript levels of test genes (Fig. 3 ). Five to six day-old pupae (6 to 7 d post-injection) were used for isolation of total RNA and analysis of knock-down levels by RT-PCR. RNAi specificities were confirmed for the homologous pairs of genes bur and pbur, as well as ccapr-1 and ccapr-2. Splice-variant-specific RNAi was confirmed for ethr-a and ethr-b, which are forms of ethr mRNA utilizing alternative exons (Fig. 3) . No lethal phenotypes or substantial behavioral deficiencies were observed, even though the transcript levels of ccapr-1 and ethr-b were substantially reduced after treatment with the respective dsRNAs (Fig. 3) . Total RNA was extracted from whole beetles (n = 5) from pharate pupa to young adult. PP, pharate pupae; P1, 0-1 day-old pupae; P2, 1-2 day-old pupae, P3, 2-3 day-old pupae; P4, 3-4 day-old pupae; P5, 4-5 day-old pupae; A1, 0 day-adults; A2, 5-6 dayold adults. Tribolium ribosomal protein 6 (rps6) transcript with the same cDNA template served as an internal control. The arrowheads indicate PCR products probably due to the pre-mRNA contamination.
Three categories of lethal phenotypes were obtained in this study. These consisted of arrest at preecdysis, arrest at ecdysis, and postecdysial deficiency (Fig. 4) . Preecdysial arrest was observed in dseth, dsethr-a and dseh. All of these dsRNA treatments resulted in developmental arrest at the pharate adult stage before initiation of ecdysis, but with normal levels of tanning at the time of death as young adults trapped in their pupal cuticle. The elytra and hindwings were held on the ventral side and there was little or no slippage of the pupal cuticle, indicating that arrest had taken place before ecdysis and that cuticle tanning had progressed until the death of the insect. These insects were found to have dramatically reduced frequency and strength of dorsal-ventral (D-V) contractions during preecdysis, and no subsequent ecdysis behavior (Figs. 4-6 ). The D-V contractions occurred as a clustered train of contractions interrupted by short, quiescent periods from several seconds to more than a minute in duration (Fig. 5A) . The total number of D-V contractions and time intervals between the contractions were measured for 10 min at the À40 to À30 min interval (Figs. 5B and C, and 6). The latter measurement (Fig. 5C ) disregarded the inter-cluster interval, while the former (Fig. 5B ) measured strictly the number of contractions. The contractions in beetles treated with dsethrb, dsbur, dspbur or dsrk tended to occur at a lower frequency and with longer intervals between contractions (Figs. 5B and C, and 6) when compared to the preecdysis behavior of control insects.
Ecdysial arrest occurred with administration of either dsccap or dsccapr-2, and it could easily be distinguished from preecdysial arrest by the position of the wings (Figs. 2 and  4) . After ecdysial arrest, wings were partially spread to the dorsal side and exuviae were only partially shed, remaining partly attached to the body surface. These beetles showed normal preecdysis behavior in both frequency and strength of D-V contractions ( Fig. 5B and C) , even though they subsequently experienced arrest at ecdysis. Initiation of ecdysis with strong reverse-bending occurred normally in these insects. Wing stretching was significantly delayed, however, from $11 m 36 s in the wild-type (n = 7) to 24 m 15 s and 39 m 18 s after dsccap and dsccapr-2 treatments, respectively, (n = 3 for each). Subsequently, these insects displayed much weaker A-P contractions, with longer intervals between the contractions than those occurring in the wild-type (Fig. 5D ), and they were unable to shed their pupal cuticle. Injection of dsccapr-1 did not result in any abnormality in ecdysis behavior.
Postecdysial arrest was observed following treatment with dsbur, dspbur or dsrk. Affected pupae did molt to the adult, but the elytra of the resulting adults were crinkled and the hindwings were improperly folded (Figs. 3 and 7) . All of the insects in this category had weaker and fewer preecdysial D-V contractions (Figs. 5B and C, n = 5, 4 and 3 for dsbur, dspbur and dsrk, respectively). Insects treated with dsbur showed a longer interval between A-P contractions and an extended duration of the ecdysis bouts (Figs. 4 and 5D ). Postecdysis mobility of insects treated with dsbur, dspbur or dsrk was dramatically reduced relative to that of control insects, and this quiescence led to a failure of the exuviae to detach from the body by the end of the 5 h observation time (n = 3-5). In contrast, exuvial detachment generally occurred less than 100 min after ecdysis in control insects (Fig. 4) . Interestingly, we did not observe any defects or delay in adult cuticle tanning after treatments with dsbur, dspbur or dsrk (Fig. 7) . Co-injection of dsbur and dspbur resulted in a phenotype similar to that from either treatment alone (Figs. 4 and 7) .
Discussion
The facility of systemic RNAi in Tribolium provided an opportunity to examine for the first time the peptidergic signaling pathway leading to adult ecdysis behavior in a coleopteran. Injections of dsRNAs into pharate pupae successfully targeted specific genes encoding neuropeptides and their receptors critical for adult eclosion. Each sequence of eclosion behavior in the beetle, namely preecdysis, ecdysis and postecdysis (Fig. 2) , includes features typical of ecdysis in other insects, including the lepidopteran Manduca, and the dipteran Drosophila, as described previously (Kimura and Truman, 1990; Park et al., 1999; Zitnan et al., 1996 Zitnan et al., , 1999 . Surprisingly, however, the roles of neuroendocrine systems in each behavioral event appear to be significantly different from those observed in Drosophila and in Manduca.
The major peptides that are known to be involved in sequential behaviors in ecdysis are EH, ETH, CCAP and bursicon (Fig. 8 , reviewed in Ewer, 2005; Truman, 2005; Zitnan et al., 2007) . Knowledge of neuropeptides involved in ecdysis behavior largely developed after identification of cells in the CNS, which express a subtype of ETH receptor, ETHR-A (Kim et al., 2006a,b; Park et al., 2003b) . These cells contain kinin, calcitonin-like diuretic hormone (CT-like DH), corticotropin releasing factor-like diuretic hormone (CRF-like DH), FMRFamide and myoinhibitory peptide (MIP) in Manduca and Drosophila (Kim et al., 2006a,b) . Among the many peptide signals, we have focused on the four main peptidergic systems, EH, ETH, CCAP and bursicon, by using RNAi in Tribolium.
3.1.
Both ETH and EH are necessary for preecdysis and ecdysis behaviors in Tribolium
The earliest peptide signal for ecdysis behavior in Manduca so far identified is corazonin, which triggers the neuroendocrine cascade by inducing the release of ETH from the epitracheal glands (Kim et al., 2004) (Fig. 8A) . However, in Tribolium and also in other coleopteran species, corazonin is apparently absent because there has been no report of immunoreactivity with corazonin antiserum. Furthermore, no Tribolium sequences encoding this peptide or its receptor have been reported so far Predel et al., 2007) . Thus, the signal initiating ecdysis in this coleopteran must be something other than corazonin. In the case of the albino locust, which is believed to lack corazonin (Predel et al., 2007) , there is no ecdysis deficiency reported, implying that corazonin may be lepidopteran-specific as a signal for ETH release.
Severe deficiencies in preecdysis behavior were observed in Tribolium after treatment with either dseh, dseth, dsethr or To analyze the knockdown levels by RT-PCR, dsRNAs for eth, eh, ccap, bur, pbur, ethr-a, ethr-b, ccapr-1, ccapr-2 and rk were injected into pharate pupae and total RNAs were isolated from whole beetles (n = 5) at pharate adults (5-6 d old pupae, 6-7 d postinjection). dsRNA for EGFP was also injected as a control. PCR analysis of rps6 (Tribolium ribosomal protein 6) with the same cDNA template served as an internal control. The arrowheads indicate PCR products probably due to the premRNA contamination.
dsethr-a. There were some occasional twitching-like D-V contractions in these insects, which may have been caused by incomplete suppression of the targeted mRNA. This deficiency in preecdysis behavior resulted in the failure of subsequent ecdysis behavior, which in turn resulted in failure to eclose and finally in death. The ETH signal has been found to be necessary and sufficient in Drosophila for both preecdysis and ecdysis behaviors (Park et al., 2002) . In Manduca, the sufficiency of ETH for inducing premature preecdysis and ecdysis behaviors also supports the conclusion that ETH is one of the earliest ecdysis-initiating molecules (Zitnan et al., 1996 . This study also supports the notion of ETH being an early essential signal for ecdysis in Tribolium. In addition, we found that dseth causes deficiencies in larval and pupal ecdysis depending on the time of injection (data not shown).
Two subtypes of ETH receptors, A and B, arising from mutually exclusive alternative exon usage, are highly conserved in insects (Iversen et al., 2002; Park et al., 2003b) . Studies with Manduca and Drosophila showed that ethr-a is expressed mainly in numerous peptidergic cells in the CNS, while ethr-b is expressed in poorly-characterized interneuron cells (Kim et al., 2006a; Kim et al., 2006b ). Exon-specific dsRNA in Tribolium showed that dsethr-a-treated insects had significantly fewer D-V contractions, a phenotype identical to that obtained following treatment with dseth or dseh. However, eclosion of insects injected with dsethr-b occurred normally, with no substantial reduction in preecdysial D-V contractions (Figs. 5B and C, and 6). Therefore, ethr-a, which activates downstream peptidergic signals, is a necessary component in Tribolium eclosion, whereas the role of ethr-b remains unclear. Switching from one behavior to the next within a certain time interval in the behavioral sequence had been thought to involve inhibitory neurons (Zitnan et al., 2007 ), but we were unable to determine whether premature ecdysis behavior occurred in the dsethr-b-injected Tribolium as a result of defects in inhibitory neurons.
Positive feedback between EH and ETH has been found in Manduca (Fig. 8A) (Ewer et al., 1997) . Release of ETH is triggered by corazonin as the initiator of the EH-ETH feedback loop. EH-associated positive feedback induces a massive release of ETH for the initiation of ecdysis motor patterns. However, a positive feedback loop was not found in Drosophila. Rather, Drosophila EH apparently acts downstream of ETH and is the factor triggering ecdysis behavior, a conclusion based on the timing of the cellular response of EH cells, which show Ca 2+ elevation upon treatment with ETH during pupal ecdysis (Kim et al., 2006b) . Surprisingly, the EH-cell-knockout in Drosophila resulted in only a partial impairment during adult eclosion, with a significant proportion of the insects dying before pupation (McNabb et al., 1997) . In Tribolium, EH was required for early preecdysis behavior. Thus, the ETH-EH feedback loop, if it occurs, probably occurs during preecdysis in Tribolium (Fig. 8B) , as it does in Manduca.
CCAP is necessary for Tribolium ecdysis
In Drosophila, the ccap null mutant did not show any abnormality during development or ecdysis , whereas ccap-cell ablation resulted in deficiencies in both pupal and adult ecdysis (Dulcis et al., 2005; Park et al., 2003a) . Therefore, it was concluded that other neuropeptides, which are co-expressed in the CCAP cells, are probably responsible for the phenotypes of the ccap cell-knockout. Thus, the role of CCAP in Drosophila ecdysis remains unclear. The neuropeptides co-expressed in the CCAP cells with presumed functions in ecdysis are bursicon, partner of bursicon and myoinhibitory peptide (Kim et al., 2006b) .
In contrast to Drosophila, ccap RNAi in Tribolium resulted in a lethal arrest during ecdysis (Fig. 4) . The ecdysis deficiency was associated with significantly weaker behaviors, including reverse-bending, wing air-filling and A-P contraction, whereas these insects underwent normal preecdysis behavior (Figs. 5 and 6 ). The dsccapr-2 treatment resulted in the same phenotype as that of dsccap, whereas dsccapr-1 treatment did not produce any abnormalities (data not shown). Therefore, CCAP and CCAPR-2 are in the signaling pathway for ecdysis behavior, while the function of CCAPR-1 remains unknown.
3.3.
Bursicon and the receptor rickets are necessary for postecdysis behavior
The bur and pbur genes in Tribolium form a tandem pair in the genome, separated by only $1.3 kb. This arrangement is similar to the bur/pbur gene structure in the honeybee . Previously, it was proposed that the honeybee bur/pbur gene consisted of one long open reading frame encoding a multi-domain protein including both bur and pbur (Mendive et al., 2005) . Subsequently, however, different transcription units for bur and pbur were reported (Van Loy  et al., 2008) . Using RT-PCR we determined that Tribolium bur Fig. 7 -Effect of injection of dsRNAs for bur, pbur, bur/pbur and rk on adult cuticle tanning. dsRNAs (200 ng per insect) for bur, pbur, bur/pbur (co-injection) and rk were injected into pharate pupae. Injection of dsRNA for these genes produced a similar adult phenotype. The elytra of the resulting adults were crinkled and not fully expanded. Proper folding of the hindwing often failed. No significant defects and/or delay of adult cuticle tanning were observed. and pbur are probably separate transcription units. Results from gene-specific RNAi for both bur and pbur support the hypothesis that two different transcription units exist (Fig. 3) . In addition, whereas mosquito bur was found to undergo trans-splicing (Robertson et al., 2007) , we found that the Tribolium bur and pbur genes contain complete open reading frames, excluding the possibility of trans-splicing.
A heterodimeric complex Bur/pBur consisting of the products of the bur and pbur genes (Luo et al., 2005; Mendive et al., 2005 ) is a cysteine knot family hormone that has been reported to initiate two different functional activities in Drosophila, namely cuticle tanning and wing expansion after adult eclosion (Dewey et al., 2004) . Drosophila mutants for bur and receptor mutant rickets (rk) showed deficiencies in both tanning and wing expansion (Baker and Truman, 2002; Dewey et al., 2004) .
We discovered that treatments with dsbur, dspbur or dsrk all produced similar postecdysis defects, namely weak postecdysis activity, wrinkled elytra and a failure to retract the hindwing, but none of these caused lethality within the observation time of 2-3 weeks after eclosion. In Drosophila, bursicon induces wing cell death and wing expansion after eclosion (Kimura et al., 2004) . The wrinkled elytra and the deficiency in proper folding of the hindwing after RNAi in Tribolium may be equivalent to the Drosophila phenotype. Interestingly, RNAi of these genes resulted in significantly diminished strengths in preecdysis behavior (Figs. 5 and 6 ). Our data imply that bur/pbur and their putative receptor rk in Tribolium are involved in the regulation of preecdysis behavior, and even more in postecdysis behavior. An additional unique phenotype was found only in insects injected with dsbur, which exhibited weaker A-P contractions during ecdysis and consequently an extended duration for completion of the shedding of the exuvium (Figs. 5C and 6). These observations suggest an unknown but separate function for bursicon in addition to its role as a component of dimeric Bur/pBur acting through its receptor Rickets. Alternatively, the phenotypic variation could have been caused by different dosages of remaining transcripts in RNAi or by stability of the protein that had been produced earlier.
Perhaps the most interesting observation in this study is that normal tanning occurs in beetles subjected to RNAi for the group of genes encoding the neuropeptides described here. Maturation of the cuticle is a gradual process of pigmentation and sclerotization during the first five days after eclosion (Fig. 7) . A recent study involving Drosophila has shown that bursicon acts through phosphorylation of tyrosine hydroxylase, which catalyzes an early step of catecholamine production for cuticle tanning (Davis et al., 2007) . Our group showed previously that RNAi of Tribolium laccase 2, which is a phenoloxidase downstream of tyrosine hydroxylase in the same metabolic pathway, suppressed cuticle tanning (Arakane et al., 2005) . This result indicated that a similar cuticle tanning pathway exists in both Drosophila and Tribolium. We conclude, therefore, that the Bur/pBur signaling pathway is required for proper wing expansion and folding in Tribolium but not for tyrosine hydroxylase/laccase-mediated tanning. Recent study in the silkworm also reported that RNAi of bur found no distinct tanning phenotype, while a deficiency in wing expansion was observed (Huang et al., 2007) . In addition, the regulation of cuticle tanning in Tribolium appears to be different from that of Drosophila, even though the tanning pathway itself is probably conserved.
Conclusion
The key peptidergic signaling systems for insect ecdysis were studied in T. castaneum, representing a more basal holometabolous order (Coleoptera) relative to the species of Lepidoptera and Diptera studied previously. RNAi in Tribolium followed by behavioral analysis revealed differences in the roles of EH, CCAP and bursicon compared to those found in Drosophila, as summarized below and modeled in Fig. 8 . The Tribolium eclosion model showing necessary components (red fonts). Gray arrow is the hypothetical pathway based on model A in Drosophila and Manduca. Red background circles are for possible feedback between EH and ETH, and for putative heterodimerization between Bur and pBur based on model A. ETHR-B has a mild effect on preecdysis. Bur alone also has a mild effect on ecdysis behavior, while Bur/pBur and Rickets have an effect on postecdysis and only a mild effect on preecdysis.
• Both ETH and EH are necessary for preecdysis and ecdysis behaviors in Tribolium, while an essential role of EH has not been found in Drosophila.
• CCAP is necessary for ecdysis behavior in Tribolium, whereas the Drosophila ccap null mutant shows normal ecdysis.
• In Tribolium Bur/pBur is necessary for postecdysis behavior, including wing expansion and folding, whereas, unlike the case in dipterans, it does not have a role in cuticle tanning.
• Bur/pBur signaling is involved in preecdysis behavior. Only bursicon appears to have an additional role in ecdysis behavior in Tribolium.
The differences in the precise roles of each peptidergic component among Tribolium, Drosophila and Manduca in controlling innate ecdysis behavior and cuticle tanning can be interpreted as a consequence of evolution. The loss of essential roles for EH and CCAP as well as a gain in function for bursicon in Drosophila may be associated with modifications of the requirements of those neuropeptidergic signals in these processes, whereas the more ancestral Tribolium and possibly Manduca strictly require EH and CCAP signaling systems. A comparative analysis of the functions of peptidergic signals from additional taxa will provide further insights into the evolution and regulation of ecdysis and tanning in the Ecdysozoa.
Methods
Insect strains
The beetles used in this study were wild-type GA-1 strain of T. castaneum and were reared at 30°C under standard conditions (Beeman and Stuart, 1990) .
Cloning of cDNAs
The genes encoding neuropeptide hormones and their receptors such as eh, eth, ccap, bur, pbur, ethr-a, ethr-b, ccapr-1, ccapr-2 and rk of Tribolium were identified by searching Beetlebase (http://www.bioinformatics.ksu.edu/BeetleBase/) and the Tribolium website at the Human Genome Sequencing Center (http://www.hgsc.bcm.tmc.edu/projects/tribolium). To confirm whether bur and pbur are transcribed as two separate mRNAs, 5 0 -and 3 0 -RACE were performed for each gene. Primers used for PCR-based cloning are shown in Table 2 .
Gene expression analysis
Total RNA was isolated from whole insects from pharate pupal to adult stages by using the RNeasy Mini Kit (Qiagen). Methods for cDNA synthesis, RT-PCR and dsRNA injections were described previously (Arakane et al., 2004) . The following primers designed for Tribolium ribosomal protein S6 as an internal control were used: For semi-quantitative RT-PCR, pools of five individuals were used for RNA isolations and cDNA syntheses.
Analysis of behavior
Four or five individuals were placed under the microscope and video recorded for analysis of the behaviors. For analysis of the D-V contraction during preecdysis, the video recorded for 10 min (À40 to À30 min of ecdysis) was analyzed. Each D-V contraction was entered manually into pClamp9 software. The histogram for the interval between contractions was obtained by binning 0.5 second intervals. Regression was conducted by utilizing the Voigt model in Origin7 (Origin Lab) for determining the peak of the histogram (Fig. 6) . The interval time for the peak in the histogram from each individual was used for descriptive statistics and the Student t-test in Figs. 5B and C. A-P contraction during ecdysis was analyzed by a similar method. the Kansas Agricultural Experiment Station. All programs and services of the US Department of Agriculture are offered on a nondiscriminatory basis, without regard to race, color, national origin, religion, sex, age, marital status, or handicap.
